1. Introduction {#sec1-ijms-20-00079}
===============

The HPA, or hypothalamic-pituitary-adrenal, axis is a critical neuroendocrine system controlling numerous processes including autonomic functions (e.g., digestion), the immune response, metabolic activity, and, importantly, the stress response \[[@B1-ijms-20-00079],[@B2-ijms-20-00079],[@B3-ijms-20-00079],[@B4-ijms-20-00079]\]. The axis consists of three major glands, for which it is named: the hypothalamus, the pituitary, and the adrenal or suprarenal gland. When stressors are encountered, including both physical insult and psychological stress, the HPA axis is activated \[[@B5-ijms-20-00079],[@B6-ijms-20-00079],[@B7-ijms-20-00079]\]. The paraventricular nucleus of the hypothalamus releases corticotropin releasing hormone (CRH), which activates the anterior lobe of the pituitary gland causing the release of adrenocorticotropic hormone (ACTH). ACTH production stimulates the release of the glucocorticoid hormone, cortisol (CORT), from the zona fasciculata of the adrenal cortex. Then, circulating CORT inhibits the release of CRH and ACTH through a negative feedback loop ending the HPA activated stress response ([Figure 1](#ijms-20-00079-f001){ref-type="fig"}) \[[@B8-ijms-20-00079],[@B9-ijms-20-00079],[@B10-ijms-20-00079]\]. The stress response is adaptive, but dysregulation can occur after long-term stress or other insults that can result imbalanced serum CORT \[[@B11-ijms-20-00079]\].

CORT has broad physiological impacts and modulates behavior, memory, cognition, metabolism, development, inflammation, gluconeogenesis, and circadian rhythmicity \[[@B12-ijms-20-00079],[@B13-ijms-20-00079]\]. Here, we will focus on the regulation of CORT by chaperone heterocomplexes and discuss how this relates to disruption of the normal physiological stress response. It has been well-described that short-term memory formation is intimately tied to the actions of CORT and epinephrine, particularly in response to traumatic emotional events. In the brain, CORT acts directly on the amygdala, an emotional hub, and regulates neural connections to the hippocampus, which is required for memory formation \[[@B14-ijms-20-00079],[@B15-ijms-20-00079],[@B16-ijms-20-00079]\]. Dysregulation of CORT levels, whether positive or negative, can impair memory consolidation \[[@B17-ijms-20-00079]\]. Memory retrieval can also be negatively impacted by the levels of CORT \[[@B18-ijms-20-00079]\].

Importantly, altered CORT levels have been linked to psychiatric disorders including major depressive disorder (MDD) \[[@B19-ijms-20-00079],[@B20-ijms-20-00079]\], general anxiety \[[@B21-ijms-20-00079],[@B22-ijms-20-00079]\], bipolar disorder \[[@B23-ijms-20-00079],[@B24-ijms-20-00079]\], and post-traumatic stress disorder (PTSD) \[[@B14-ijms-20-00079]\] as well as substance use disorder \[[@B25-ijms-20-00079]\]. CORT influences brain activity by binding glucocorticoid receptor (GR) and, to a lesser affinity, mineralocorticoid receptor (MR). Upon activation, GR homodimerizes and translocates to the nucleus where it regulates the transcription of GR-responsive genes \[[@B26-ijms-20-00079]\].

GR translocation is tightly regulated by a well-characterized chaperone ensemble \[[@B27-ijms-20-00079],[@B28-ijms-20-00079],[@B29-ijms-20-00079]\]. At the center of this complex, the 90 kDa heat shock protein (Hsp90) collaborates with cochaperones, including two FK506-binding proteins, FKBP51 and FKBP52, cyclophilin 40 (CyP40), and protein phosphatase 5 (PP5) to control GR transactivation, affecting both sensitivity to CORT and nuclear translocation \[[@B30-ijms-20-00079],[@B31-ijms-20-00079]\]. Notably, FKBP51 affects GR transactivation in a dissimilar manner to the other cochaperones. Increased FKBP51 slows GR nuclear translocation, at least in part, through impairing the interaction between GR heterocomplexes and dynein, resulting in reduced GR activity. FKBP52, as well as CyP40 and PP5, have been shown to promote GR activity, which may be a combination of increased dynein binding as well as through displacing the inhibitory effects of FKBP51 from the Hsp90-heterocomplex, since these cochaperones bind Hsp90 at the same site ([Figure 1](#ijms-20-00079-f001){ref-type="fig"}) \[[@B32-ijms-20-00079],[@B33-ijms-20-00079],[@B34-ijms-20-00079],[@B35-ijms-20-00079],[@B36-ijms-20-00079],[@B37-ijms-20-00079]\]. This review discusses chaperone involvement in GR physiology and the impact of chaperone imbalances that may lower resilience against psychiatric disorders.

2. Chaperones in GR Signaling {#sec2-ijms-20-00079}
=============================

The cellular stress response is highly conserved within eukaryotes \[[@B38-ijms-20-00079],[@B39-ijms-20-00079]\], granting the ability to rapidly cope with adverse physiological insults. This process, controlled by molecular chaperones, is integral to maintaining homeostasis in all cells. A key stress response chaperone, Hsp90, is highly abundant throughout mammalian cells and uses ATP to interact with numerous substrates \[[@B40-ijms-20-00079],[@B41-ijms-20-00079]\]. Hsp90 interacts with up to 10% of all proteins and is involved in nearly every cellular homeostatic process and is essential for signaling pathways, including GR activation \[[@B42-ijms-20-00079],[@B43-ijms-20-00079],[@B44-ijms-20-00079],[@B45-ijms-20-00079],[@B46-ijms-20-00079]\]. Hsp90 functions as a homodimer \[[@B47-ijms-20-00079]\]. Hsp90 consists of an ATP-binding domain at the amino-terminus separated by a flexible linker from a middle domain, which is important for client binding. Conformation of Hsp90 determines activity and function as well as regulates substrate binding \[[@B48-ijms-20-00079]\]. Hsp90 adopts an open conformation in the absence of ATP and proceeds to a closed state when it is ATP-bound \[[@B49-ijms-20-00079]\]. In addition, cytosolic Hsp90 contains a carboxy-terminal MEEVD (met-glu-glu-val-asp) motif that regulates the interaction with a host of cochaperones \[[@B50-ijms-20-00079]\]. This allows for direct binding of cochaperones containing a tetratricopeptide repeat (TPR) domain, including FKBP51, FKBP52, and CyP40.

Hsp90 is regulated transcriptionally by heat shock factor 1 (HSF1), posttranslationally by modifications including phosphorylation and acetylation \[[@B50-ijms-20-00079]\], and functionally by a diverse set of cochaperones \[[@B51-ijms-20-00079]\]. Although the main binding of FKBP51, FKBP52, CyP40, and PP5 is through a conserved TPR domain, cochaperones have been shown to bind to Hsp90 in all three domains \[[@B50-ijms-20-00079]\]. These cochaperones compete for Hsp90 binding; however, simultaneous binding of more than one cochaperone has also been demonstrated \[[@B52-ijms-20-00079],[@B53-ijms-20-00079]\]. Cochaperones influence Hsp90 substrate recognition, alter Hsp90 ATPase activity and conformational dynamics, and have the ability to interact with Hsp90 substrates directly \[[@B54-ijms-20-00079],[@B55-ijms-20-00079]\].

Hsp90 Heterocomplex {#sec2dot1-ijms-20-00079}
-------------------

It has been demonstrated, in vitro, that an Hsp90 heterocomplex is required for GR maturation \[[@B31-ijms-20-00079],[@B56-ijms-20-00079]\]. In a stepwise process, GR interacts first with Hsp70, and then is passed to Hsp90 via Hsp70-Hsp90 organizing protein (HOP) \[[@B46-ijms-20-00079],[@B57-ijms-20-00079],[@B58-ijms-20-00079]\]. HOP is dislodged from this Hsp90-GR complex upon Hsp90 binding ATP and subsequent association of cochaperones, FKBP51, FKBP52, CyP40, or PP5 \[[@B59-ijms-20-00079],[@B60-ijms-20-00079]\]. p23 preferentially associates with ATP-bound Hsp90 through the N-terminus and middle domains stabilizing the complex in a conformation with high affinity for CORT \[[@B30-ijms-20-00079],[@B61-ijms-20-00079]\]. Upon CORT binding, GR dimerizes and translocates into the nucleus where it regulates the transcription of GR-responsive genes.

With the development of new technologies to evaluate the detailed structure of large, multiprotein complexes, we are continually learning more about how these proteins interact. This information is important to understand how changes in structure are tightly linked to functional effects. Recently, cryoelectron microscopy has further clarified the interactions between Hsp70 and Hsp90 that are required for GR maturation and function \[[@B46-ijms-20-00079]\]. It was shown that the coupling of the ATP-dependent chaperone cycles of Hsp70 and Hsp90 may be required for GR maturation. Using recombinant proteins and the ligand binding domain of GR (GRLBD), it was shown that GRLBD is first unfolded by Hsp70 and inactivated. Hsp90 reverses this step resulting in folded, aggregation resistant, and functional GRLBD. This could explain the necessity of Hsp90 in GR maturation.

Remarkably, during the hand-off of GR from Hsp70 to Hsp90, the substrate binding domains of Hsp70 and client binding domain of Hsp90 align. HOP recruits GRLBD:Hsp70 to Hsp90 resulting in an intermediary complex of GRLBD:Hsp70:Hsp90:HOP in which GRLBD is physically in contact with both Hsp70 and Hsp90 simultaneously \[[@B46-ijms-20-00079]\]. This conformation allows for an interaction between the ATP domains of Hsp90 and Hsp70 and subsequent coupling of ATP hydrolysis. A key finding is that Hsp90 ATP hydrolysis is required for client loading from Hsp70, however blocking ATPase activity does not perturb the GRLBD:Hsp70:Hsp90:HOP intermediary complex. This is important because it helps to explain how inhibition of Hsp90 ATPase activity results in Hsp70-mediated degradation, as client loading is blocked. It was recently described that the intermediary complex actually contains two Hsp70 molecules, where one Hsp70 delivers GR to Hsp90, while the other supports the HOP interaction \[[@B62-ijms-20-00079]\]. Overall, the Hsp70-Hsp90 system maintains GR in a competent high-affinity state for CORT, allowing for response to changing CORT levels. This provides an explanation for the necessity of this cycle for GR activity. Further studies are needed to evaluate how cochaperones affect this heterocomplex to functionally regulate GR.

Rearrangement of Hsp90 by cochaperones, in addition to ATP-mediated effects \[[@B50-ijms-20-00079]\], directly impacts client binding \[[@B30-ijms-20-00079]\]. For example, recent nuclear magnetic resonance spectroscopy studies have solved the structure of the Hsp90/FKBP51 \[[@B48-ijms-20-00079]\]. FKBP51 binds between the two dimers of Hsp90 and upon binding stabilizes Hsp90 in the open conformation, reducing ATP hydrolysis activity. Other TPR-containing cochaperones may share the same Hsp90 binding site, but potentially have disparate effects on Hsp90 conformation. Furthermore, it has been found that GR preferentially binds Hsp90 when in the closed ATP-bound state, where both a TPR-containing protein and HOP are associated \[[@B30-ijms-20-00079]\]. Given this, Hsp90/FKBP51 association may disrupt Hsp90/GR binding.

The relationship of cochaperones to CORT levels is complex as cochaperones may have diverse effects on GR and CORT physiology. FKBP51 is upregulated by GR activity, which directly promotes the transcription of *FKBP5*, the gene that encodes FKBP51 \[[@B63-ijms-20-00079]\]. FKBP51, then, negatively inhibits GR activity. The proposed mechanism of action is a short, negative feedback loop whereby FKBP51, in an Hsp90-dependent mechanism, decreases the binding of CORT to GR leading to CORT resistance \[[@B64-ijms-20-00079]\]. *FKBP4*, the gene that encodes the highly similar FKBP51 homolog, FKBP52, may have an opposing effect on GR activity; however, conflicting evidence suggests FKBP52 may not alter GR nuclear transactivation \[[@B32-ijms-20-00079],[@B35-ijms-20-00079],[@B36-ijms-20-00079],[@B65-ijms-20-00079],[@B66-ijms-20-00079]\]. Another TPR-containing cochaperone, CyP40, can also regulate GR through an Hsp90 heterocomplex. It has also been reported that CyP40 may facilitate the export of CORT from the nucleus \[[@B65-ijms-20-00079]\]. CyP40, like FKBP52 and PP5, interacts with dynein, which is a cytoskeletal motor protein that can regulate GR transport \[[@B67-ijms-20-00079]\]. Evidence suggests that PP5 binds to the Hsp90/GR complex at an intermediate step in CORT activation, following the binding of FKBP51 during the basal state \[[@B68-ijms-20-00079],[@B69-ijms-20-00079]\]. PP5 has also been shown to dephosphorylate GR, which can alter GR activity \[[@B70-ijms-20-00079]\]. Thus, PP5 may regulate GR activity through two distinct, but linked mechanisms.

Interestingly, it has been shown that about half of GR within the cell is in complex with Hsp90 and FKBP51 or FKBP52 \[[@B68-ijms-20-00079]\]. About one third of GR is in complex with Hsp90 and PP5, and only a fraction of GR has been found in an Hsp90/CyP40 complex. However, since cochaperones compete to bind Hsp90, this normal distribution of GR/Hsp90 heterocomplexes may become imbalanced with alterations of any TPR-containing proteins, potentially disrupting GR regulation and the stress response.

3. Chaperones Implicated in Psychiatric Disorders {#sec3-ijms-20-00079}
=================================================

Cochaperone variants and altered expression levels have been linked to psychiatric illness \[[@B71-ijms-20-00079],[@B72-ijms-20-00079]\]. Moreover, cochaperone dysregulation may also contribute to circadian desynchrony, which is exacerbated by and implicated in the etiology of mood disorders. Candidate studies have identified common single nucleotide polymorphisms (SNPs) in the gene that encodes FKBP51, *FKBP5*, that interact synergistically with environmental factors to increase susceptibility to develop PTSD, MDD, anxiety, and bipolar disorder \[[@B73-ijms-20-00079],[@B74-ijms-20-00079],[@B75-ijms-20-00079]\]. Some of these *FKBP5* SNPs result in increased FKBP51 levels following stress \[[@B76-ijms-20-00079]\]. Increased FKBP51 reduces GR sensitivity, prolonging the HPA-mediated stress response and resulting in increased circulating CORT \[[@B77-ijms-20-00079]\]. We and others have shown that mice lacking *Fkbp5* (*Fkbp5*^−/−^ mice) are resilient to depressive-like behavior following stress \[[@B78-ijms-20-00079],[@B79-ijms-20-00079]\]. These mice have reduced levels of serum CORT following restraint stress or exogenous CORT administration, suggesting that these stress-resilient phenotypes may be linked to CORT regulation by FKBP51.

FKBP52, CyP40 and PP5 have not been currently linked to psychiatric disease, but since each of these cochaperones play an important role in GR regulation through Hsp90, it is possible that dysregulation could increase risk. Work in vitro and in vivo has started to reveal the physiological implications of imbalances in these cochaperones. A recent study in mice with reduced levels of FKBP52 revealed that FKBP52 may not have an apparent role in regulating anxiety-like behaviors or recognition memory, including fear conditioning, but rather may be more important in motor coordination \[[@B80-ijms-20-00079]\]. This corroborated previous work that did not detect any GR-related physiological changes in FKBP52 knockout mice \[[@B66-ijms-20-00079]\]. However, since FKBP52 competes with FKBP51 to bind Hsp90, it has been suggested that reduced FKBP52 levels could regulate the stress response by increasing the Hsp90/FKBP51 interaction \[[@B63-ijms-20-00079]\]. Recent work identified a role for CyP40 in the regulation of amygdala-mediated fear extinction \[[@B81-ijms-20-00079]\]. An NIH-led study identified CyP40 as being enriched in the basolateral amygdala of normal mice, however, CyP40 expression is reduced in mice that demonstrate impairments in extinction learning. This group also showed that CyP40 colocalizes with GR in these mice and that the extinction regulating effects can be blocked by a GR antagonist. This work may provide a role for CyP40 in PTSD. A specific role in stress-related phenotypes has been not yet been described for PP5. However, GR-specific effects may be difficult to identify, since PP5 primarily functions as a protein phosphatase.

HPA hyperactivity has been extensively shown for depressed individuals. GR dysfunction contributes to this hyperactivity \[[@B82-ijms-20-00079],[@B83-ijms-20-00079],[@B84-ijms-20-00079]\]. There is evidence that the use of antidepressants inhibits transcription of genes with glucocorticoid responsive elements (GREs). Further, antidepressants increase GR expression in patients. It has been shown that antidepressants have activity beyond targeting monoamine transporters, since they also upregulate autophagy markers \[[@B85-ijms-20-00079]\]. FKBP51 enhances the activity of some antidepressants, which may be a result of priming autophagy pathways. Further, FKBP51 inhibition improved stress coping behavior in a mouse model of depression co-treated with a selective serotonin reuptake inhibitor (SSRI), while decreasing anti-anxiety effects of the SSRI \[[@B86-ijms-20-00079]\]. In further support of a role for FKBP51 in modulating antidepressant effects, it has been shown that *FKBP5* SNPs affect antidepressant response \[[@B87-ijms-20-00079],[@B88-ijms-20-00079]\]. It should also be noted however, that a separate study in geriatric depressed patients showed no role for *FKBP5* SNPs in antidepressant efficacy prediction \[[@B89-ijms-20-00079]\]. Additionally, it has been shown that depression may be linked to epigenetic changes through methylation or differential gene expression. Some antidepressants may mediate epigenetic changes; however, FKBP51 may affect this activity. High FKBP51 expression reduces the activity of DNA methyltransferase, DNMT1, by modulating its activating kinases. This reduction in DNMT1 activity reduces DNA methylation, which broadly impacts expression of stress-induced genes and alters antidepressant activity \[[@B90-ijms-20-00079]\].

4. Stress Response and Circadian Rhythmicity {#sec4-ijms-20-00079}
============================================

Physiological stress is frequently associated with circadian disruption, and the regulation of the stress response system is one mechanism by which circadian rhythms are altered \[[@B91-ijms-20-00079]\]. Thus, it is not surprising that disruptions in the circadian rhythms are a common symptom across stress-related psychiatric disorders \[[@B92-ijms-20-00079]\]. Similar to the stress response system, the circadian clock is a well-conserved mechanism that allows organisms to adapt to their environment. This homeostasis occurs not only in individual tissues, but in the coordination within and between systems. Interestingly, there are multiple interactions between the HPA axis and the circadian system, including circadian control over the daily cycling of CORT release \[[@B93-ijms-20-00079]\] and stress reactivity \[[@B94-ijms-20-00079]\]. There is also a growing body of literature suggesting that CORT synchronizes the rhythms of peripheral clocks \[[@B95-ijms-20-00079]\], and even modulates that rhythms of central nervous system clocks outside of the mast oscillator in the suprachiasmatic nucleus \[[@B96-ijms-20-00079]\]. Furthermore, it is likely that GR activity is an important link between these two systems. As already described, CORT promotes GR activation, transcriptionally regulating many genes that contain GREs. This includes core clock genes, *PERIOD 1* and *PERIOD 2*, and the accessory clock genes, *REV-ERBα* and *RORA*. The latter genes are essential for the normal activity of the positive arm of the clock via BMAL1 transcription factor activity \[[@B97-ijms-20-00079]\]. Knockdown of either the positive (BMAL1) or negative (PERIOD genes) arm of the clock disrupts circadian rhythmicity at both the molecular and physiological levels \[[@B98-ijms-20-00079],[@B99-ijms-20-00079],[@B100-ijms-20-00079]\]. This suggests that the regulation of GR by the Hsp90 heterocomplex can directly impact the expression of clock genes and circadian rhythmicity at a cellular and organismal level, as summarized in [Figure 2](#ijms-20-00079-f002){ref-type="fig"}. This is particularly interesting for FKBP51, since the *FKBP5* gene also contains GREs \[[@B101-ijms-20-00079]\], so the levels of FKBP51 are increased by GR activation. Since FKBP51 works in a short, negative feedback loop with GR, increased FKBP51 levels may directly regulate the activation of the negative feedback loop of the clock FKBP51 levels can be affected not only by SNPs, but they also dramatically increase with age \[[@B102-ijms-20-00079],[@B103-ijms-20-00079]\]. Sleep architecture and quality decline with age, largely due to impairments in circadian rhythmicity \[[@B104-ijms-20-00079]\]. Thus, strategies aimed at restoring CORT homeostasis or depleting FKBP51 could be beneficial for both acute and chronic stress-related co-morbidities, like circadian rhythm sleep disorders. In support of this, mice lacking *Fkbp5* demonstrated increased wake times and protection from stress-induced sleep disruption \[[@B105-ijms-20-00079]\]. More work needs to be done to fully understand the connection between these essential processes, but it is possible that finding treatments that restore normal stress response or circadian rhythmicity may be beneficial for both systems.

5. Therapeutic Progress {#sec5-ijms-20-00079}
=======================

It is clear that selective inhibitory molecules are not only needed for therapeutic interventions, but also as tools to investigate the complex interplay at work in diverse chaperone heterocomplexes. Although Hsp90 inhibitors are available, because of the vast network of Hsp90-interactions, numerous on- and off-target effects are a primary concern \[[@B106-ijms-20-00079]\]. Geldanamycin (GA), a long-used Hsp90 inhibitor, causes cytotoxicity through the production of reactive oxygen species, which can result in hepato- and ocular toxicity \[[@B107-ijms-20-00079],[@B108-ijms-20-00079],[@B109-ijms-20-00079]\]. Additionally, the GA backbone binds to ion channels of the mitochondrial membrane resulting in increased Ca^2+^ levels \[[@B110-ijms-20-00079]\]. Furthermore, because the N-terminal of Hsp90 includes a conserved fold for binding ATP, inhibitors targeting this region can inadvertently inhibit other important ATP-binding proteins. For example, radicicol has been shown to inhibit the activity of a Type II DNA topoisomerase \[[@B111-ijms-20-00079]\]. In addition, N-terminal Hsp90 ATP inhibitors activate the stress response, which upregulates Hsp70, Hsp40, and Hsp27 along with other pro-survival factors \[[@B112-ijms-20-00079]\]. With this in mind, targeting Hsp90 cochaperones may be a promising alternative therapeutic approach.

The principal tool in determining FKBP51 and FKBP52 functional activity has been FK506 (also tacrolimus), a potent immunosuppressant. FK506 binds FKBP51 and FKBP52, disrupting signaling events mediated by the calcium-dependent serine/threonine protein phosphatase, calcineurin (CaN/PP2B). FK506 will non-specifically bind to FKBPs. Therefore, specific inhibitors that work through an alternate mechanism are needed to discriminate between the FKBPs, especially the highly homologous FKBP51 and FKBP52.

Using induced-fit modeling, highly selective inhibitors of FKBP51, SAFit 1 and SAFit2, have now been generated \[[@B113-ijms-20-00079]\]. SAFit1 showed protection from FKBP51-mediated neurite outgrowth suppression in primary neurons, while SAFit2 treatment in mice led to antidepressant-like effects \[[@B113-ijms-20-00079]\]. Additionally, microRNA-511 (miR-511), a non-coding RNA molecule, was shown to silence *FKBP5* post-transcriptionally \[[@B114-ijms-20-00079]\]. miR-511 suppressed CORT-induced upregulation of FKBP51 and promote neurite outgrowth in primary neurons. miR-511 may be a promising therapeutic candidate for suppressing FKBP51. Recently, benztropine was shown to restore GR activity in the presence of high FKBP51 and interact with FKBP51, but not FKBP52 \[[@B77-ijms-20-00079]\].

Selective inhibitors for FKBP52, CyP40, and PP5 have not been reported. Structural insights may help guide strategies to target these chaperones. For example, the proline-rich loop extending over the FK1 catalytic domain of FKBP52 has been described and may be targetable, since this domain is suggested to have a role GR regulation \[[@B115-ijms-20-00079]\]. However, inhibiting FKBP52 may lead to reduced fertility, as this has been found in mice lacking this protein \[[@B116-ijms-20-00079]\]. Additional studies are still needed to better understand the regions on each cochaperone that are most important for regulating GR activity. At the same time, further development of selective inhibitors will both benefit from and aid these studies.

6. Conclusions {#sec6-ijms-20-00079}
==============

Although there has been substantial research investigating the role of GR in regulating the stress response, recent work has advanced our understanding of both the structural and functional regulation of GR by Hsp90 heterocomplexes. There is a growing body of evidence describing the functional effects of cochaperones on GR activity. Still there is much to learn about how these cochaperones regulate GR signaling in vivo and how the intracellular feedback loops and HPA axis are interconnected. Even less well known are the structural effects of cochaperones on GR-Hsp90 heterocomplexes. More work needs to be done to elucidate the effects of cochaperones on GR structure, function, and feedback regulation.

The stress response has now been suggested to be linked to circadian rhythms. However, a detailed investigation at the molecular level has yet to be done, despite apparent overlaps in regulation through GR activity. Additional studies are needed to start to understand how stress response and circadian rhythms are molecularly linked and how this link impacts the susceptibility and severity of psychiatric disorders.
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![Schematic of glucocorticoid receptor (GR) transactivation in response to cortisol (CORT). After stress, the hypothalamus releases corticotropin releasing hormone (CRH) stimulating the anterior pituitary to release adrenocorticotropic hormone (ACTH). ACTH stimulates CORT release from the adrenal cortex which crosses the plasma membrane of the cell. Through negative feedback, CORT inhibits hormone release from the hypothalamus and anterior pituitary glands. Inside the cell, Hsp70 binds to and unfolds GR in the cytosol. HOP recruits GR:Hsp70 to Hsp90. Cochaperones (including FKBP51 and FKBP52) bind to Hsp90 as HOP is released. p23 binds and stabilizes the GR:Hsp90 heterocomplex. FKBP51 inhibits nuclear transactivation of GR, while FKBP52 and other copchaperones may promote translocation. Subsequently, GR binds CORT, dimerizes and translocates to the nucleus binding to glucocorticoid response elements (GREs).](ijms-20-00079-g001){#ijms-20-00079-f001}

![Schematic of the feedback between the molecular clock and stress response systems. Stress produces CORT, which binds to the GR/Hsp90 heterocomplex. GR forms a homodimer and translocate to the nucleus where it binds the glucocorticoid response elements in the promoter region. This leads to increased FKBP5/FKBP51, which slows GR activity, and increased PER expression, a component of the negative arm of the circadian clock; at the same time, REV-ERBα, a positive arm protein is down regulated.](ijms-20-00079-g002){#ijms-20-00079-f002}
